A circularly polarized (CP) wearable antenna based on the FDM (fused deposition modeling) technology is proposed. Conductive fabric is used to realize conductive parts of the patch antenna on the NinjaFlex substrate. e antenna is encapsulated with additional layers of NinjaFlex. Modified patch ensures the CP character at 2.45 GHz. Bending and washing tests are conducted to check the performance stability, and good agreement between simulated and measured results is observed. e experimental results illustrate that the antenna holds 11% 10 dB S 11 bandwidth and around 70 MHz 3 dB axial ratio bandwidth. In addition, surface current analysis is also given to understand the operating mechanism of CP wave.
Introduction
In recent years, Internet of ings (IoT) gains a rapid growth as being highly valued by commerce, especially in wireless body area network (WBAN). e antennas applied to WBAN are required to equip comprehensive ability due to the complexity of the working environment. In a microwave communication system, the circularly polarized (CP) antennas have potential superiority (e.g., alleviation of multipath losses, resistance to inclement weather, and insensitivity to the device's direction) compared with the linearly polarized (LP) antennas. Generally, the CP wave could be obtained by producing degenerate modes that are 90°out of phase [1] . More and more CP antennas are applied in wireless communication systems such as WiMAX, WLAN, and GPS. A triple-wideband antenna with desirable axial ratio was presented in [2] . Considering that most working situations are not flat case in WBAN, antennas are required to maintain great capability in duplex communication even if frequently bent. Most antennas are not feasible for on-body applications because of hard materials and back radiation to the human body. erefore, flexible CP antennas with safety attach more attention.
It is inevitable that bending causes performance problems. In order to balance different performances in typical cases, safe wearable patch antennas with foam substrate were presented in [3, 4] . For conveniences and avoiding excessive bending simultaneously, miniature wearable antennas are more acceptable [5] .
anks to the electroconductivity, ductility, and easy to integrate in garment, conductive textile performs well in WBAN and makes smart garment possible [6] [7] [8] [9] . Polydimethylsiloxane (PDMS) is a good candidate for flexible antennas' substrate [10] [11] [12] . Due to its fabricating process, the accuracy is inferior to automated printing technologies. ree-dimensional (3D) printing technologies are popular recently, which could produce more solutions in novel antennas to some extent, such as stereolithography, selective laser sintering, and fused deposition modeling (FDM) [13] . FDM offers more possibility to combine multiple materials because of using layer-by-layer deposition to manufacture.
In this work, we propose an embedded antenna with suppressed backward radiation and suitable for wearable devices in the ISM band (at 2.45 GHz) and WiMAX band (at 2.5 GHz). e CP wave is achieved, and the 3 dB axial ratio bandwidth is around 70 MHz (i.e., covers the ISM band (at 2.45 GHz)). In addition, the antenna is fabricated by the FDM technique, and NinjaFlex and conductive fabric are selected as substrate and conductor, respectively. NinjaFlex is characterized by a flexibility value of 85 A on the materials' flexibility shore scale, insulativity, and chemical resistivity [14] . Conductive fabric is further encapsulated by the NinjaFlex layers. All the aforementioned techniques obtain less multipath losses, inclement weather resistance, conformality, flexibility, easy realization, robustness, water resistance, safety, and chemical stability. As far as we know, this is the first-ever CP antenna based on the NinjaFlexembedded conductive fabric.
Antenna Design and Fabrication

Design.
e proposed CP antenna is shown in Figure 1 . Considering its superiority in low profile, easy conformality, and safety for the body, a modified square patch antenna with a full ground plane was designed. e full ground plane significantly offers isolation between the antenna and the human body to avoid affecting each other. Furthermore, the proposed antenna was fed by a 50 ohm microstrip line owing to its advantages of low cost, easy to integrate into RF circuit, and more comfortable than a coaxial probe feeding. To obtain CP property, two chamfers and one slot were designed. As seen in Figure 1 , the modified square patch was placed on the NinjaFlex substrate. e substrate's thickness is h s , its dielectric permittivity is 3.0, and its loss tangent is 0.06 [15] . e NinjaFlex has been used in flexible antennas and RFID [16] [17] [18] .
In order to improve antenna concealment and protect the conductor from water and chemical damage, the entire antenna was encapsulated by NinjaFlex cover (i.e., two NinjaFlex layers were used to cover the top and the bottom). e top encapsulation layer helps in reducing the square patch size slightly, but the bottom layer does not almost have effect on the performance of the antenna. is encapsulation could avoid damaging from washing and excessive bending. To realize the conductor parts, copper foil was used in flexible antennas frequently [19, 20] . e copper foil may crack when excessive bending occurs frequently. Conductive fabric is a good candidate owing to considerable ductility and conductivity.
us, a fabric coated with silver was employed as a conductor.
An optimization program is further pursued in ANSYS HFSS v15. e optimized dimensions are given in the caption of Figure 1 . e designed antenna resonates at around 2.5 GHz and its bandwidth covers the ISM band (at 2.45 GHz) and WiMAX band (at 2.5 GHz).
Fabrication.
e proposed antenna prototype was made by a JGAURORA 3D printer, which is in the FDM technology with a 1.75 mm nozzle for printing. e filament was installed on the right side of the printer and it extended to the nozzle through a filament tube, as shown in Figure 2 . Because of its transparent character, the filament with watercolor was selected. In addition, the printing speed was set to 35 mm/s with a nozzle printing temperature of 235°C and a bed temperature of 60°C. e rectilinear infill pattern was adopted for all layers, independently from the infill percentage [15] . In the 3D printing process, the stack of layers could be selected to a large extent; consequently, the substrate was printed by 18 solid layers and the thickness of every printing layer is 0.1 mm with an infill of 100%, as shown in Figure 3 . is design of stack and infill is significant for the wearable antenna to ensure a solid structure in mechanical properties, as well as to avoid that the air in the cellular structure (i.e., there is more air in the substrate when the infill density is lower) affects the performance of the antenna when the antenna is bent. Due to the fact that the high precision setting extends printing time, the printing process takes about 2 hours and 14 grams of filament. e electromagnetic characters of the fabricated substrate should be reconfirmed, because the used printer and the layer height were little different from those in [15] . e ring-resonator technique was adopted to determine the effective permittivity of the substrate from the analysis of the resonance frequencies of the ring and the loss tangent from the evaluation of the quality factor of the ring resonances [21] . e ring resonator was designed to achieve the first resonance at 2.4 GHz by assuming a dielectric permittivity of 3.0, and for a substrate thickness of 1.8 mm. e electromagnetic characters were measured from the ring resonator; as a result, the dielectric permittivity is 3.0 and the loss tangent is 0.06 in this fabrication of NinjaFlex. is fabric's key advantages are the characters conforming to wearable devices. e thickness is 0.2 mm and its sheet resistance is less than 0.06 Ω/sq. e conductive fabric was adhered to both sides of the substrate according to the designed structure. In order to avoid the conductive fabric being scorched by the high temperature of a soldering process, the silver-epoxy adhesive was applied to connect conductive fabric and a SMA connector. en, the two NinjaFlex layers were adhered to the antenna to achieve the CP antenna based on the NinjaFlex-embedded conductive fabric. e fabricated prototype is shown in Figure 4 .
Antenna Performance
Surface Current Distributions. CP radiation can be performed by two orthogonal resonant modes with a 90°p
hase difference and equal amplitude. In order to understand the CP property, simulated distributions of the surface current of the proposed CP antenna are illustrated in Figure 5 , operating at 2.45 GHz with 0°, 90°, 180°, and 270°. As observed, the direction of the surface current is marked.
e primary current tendency is in the +x-direction when the phase is at 0°. And the main current changes to the +y-direction after a 90°phase. Further, the dominant current is in the − x-direction while the phase reaching 180°. Finally, the main distributions of the current turns to the − y-direction for 270°. Consequently, the righthand circular polarization (RHCP) wave is realized in the +z-direction as the directions of the surface current rotating anticlockwise.
Return Loss.
e return loss (S 11 ) measurements were conducted on the fabricated textile antenna by an Agilent E5070B vector network analyzer in free space and on the human body. As can be seen in Figure 6 (a), the total − 10 dB bandwidth of return loss is around 275 MHz in the flat case, and the measured result is different from the simulated result slightly.
is could be explained with the inaccuracy of fabrication tolerances and SMA connection. In order to validate the impact on performances when the proposed antenna operates in bent situations, the CP antenna was measured while bent in two directions, x-axis and y-axis, with the bending radius of 25 mm and 50 mm, respectively. e bending radius of 25 mm represents the worst situation, corresponding to the typical size of a human wrist. e bending radius of 50 mm corresponds to the representative size of a body arm. However, the bending radius will be greater while being embedded into a garment. A foam was used in measurement as a support, as shown in Figure 7 . e results in all situations are shown in Figure 6 . As observed, compared with the flat case, the measured resonance frequency shifts up by 3.1% and 2.9% for bending 50 mm along the x-axis and y-axis, respectively. e antenna still maintains more than 300 MHz bandwidth in the 25 mm bending radius, even though the antenna resonance frequency shifts up by 1.2% and 1.6% along the x-axis and y-axis, respectively. Although all the measured results are different from the simulated results, the bandwidth always covers the ISM band (at 2.45 GHz) and WiMAX band (at 2.5 GHz). More importantly, it still returns to intact state after bending. e on-body testing was also implemented for all situations, and the fabricated textile antenna was placed on a man's wrist and arm to measure in two directions. ese two positions are the real situations when the antennas are used on the human body, which correspond to 25 mm and 50 mm in bending radius. It could be regarded as the flat case that the antennas are placed on the human back. As shown in Figure 8 , the solid curves and the dashed curves represent the measurement in free space and on the human body, respectively. Resonant frequencies of all the situations on the human body shift slightly compared with those in free space, but the textile antenna still maintains the original trend in the frequency range.
Far-Field Characteristics.
Far-field characteristics were measured using a chamber. As observed in Figure 9 , all the measured results shift slightly compared with the corresponding simulated results, but always maintain about 70 MHz 3 dB bandwidth of axial ratio. e CP bandwidth covers the ISM band (at 2.45 GHz) in the flat case. e CP antenna should avoid being bent to 25 mm of the radius as its AR bandwidth shifts away in this case. However, we could obtain almost 160°range of θ at xz-plane when working in flat and bending in the x-direction with 50 mm cases in 2.45 GHz as shown in Figure 10 . e radiation patterns in all cases were measured and compared with the results of simulations in Figure 11 . As expected, all the measured results change slightly compared with those in simulations, and desirable low backward radiation is achieved, which means little impact on the human body. e radiation pattern is headed toward the positive z-direction. Furthermore, simulated and measured efficiency, peak gain, and directivity in all situations are listed in Table 1 . "s/m" in Table 1 means "simulated/measured." In flat situation, the antenna has 25.8% of efficiency and 0.96 dBi of peak gain.
Specific Absorption Rate. Specific absorption rate (SAR)
is also a significant characteristic while considering the safety of the wearable devices for the human body. e lower the SAR, the less is the electromagnetic impact on the body. International Journal of Antennas and Propagation e SAR value is calculated with 1 watt input power averaging in 1-gram tissue in ANSYS HFSS v15. Furthermore, all aspects of this calculation (e.g., the properties of the flat phantom and requirements of tissue) conform to IEEE 1528 standard [22] . e peak SAR result of the proposed CP antenna (0.6 W/kg at 2.45 GHz) is much lower than the FCC 
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International Journal of Antennas and Propagation through washing the antenna in a household washing machine with detergent and water at 35°C. e wearable antenna was washed with a quick mode for 30 minutes, as shown in Figure 12 (a). e SMA connector was protected by a plastic cap and a tape to avoid the amount of water flowing into it. e measured results in return loss, before washing (solid curves with different colors) and after washing (dashed curves with different colors), are compared in Figure 12 (b). As expected, the fabricated antenna still maintains consistent performances in all situations even if bending along two directions. e NinjaFlex layers offer protection to resist water during washing. e little changes in the band may be caused by the part of connection that was bent slightly during the turbulence in the washing machine.
Comparison of Antenna Performance
Finally, a comparison of flexible antennas reported in references and this paper is given in Table 2 . ese antennas used different manufacturing technologies. From Table 2 , the design presented in this paper demonstrates a lower frequency shift and the best bandwidth in comparison with those in prior publications. e proposed CP antenna has good performances in washability and axial ratio bandwidth, compared to those in the prior publications, and the CP antenna also has good ductility as the conductor is ductile.
Conclusions
In this paper, a wearable NinjaFlex-embedded conductive fabric CP antenna with a full ground plane is proposed. e antenna prototype has been fabricated successfully by the FDM printing technology. It is flexible with shape stability. To realize the CP property, two chamfers and one slot are employed and the antenna holds around 70 MHz 3 dB AR bandwidth. By encapsulating the antenna into NinjaFlex layers, the flexible antenna is waterproof. In terms of radiation characters, there is a good agreement between simulated and measured results. e presented antenna holds acceptable S 11 bandwidth (11%) and 160°range of θ at xz-plane. Furthermore, the SAR is very low, which means safety for the human body. e proposed antenna will be an attractive candidate for WLAN, WiMAX, and WiFi applications on the human body owing to its simple configuration, low profile, CP radiation, wearability, washability, and safety.
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